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Abstract

More than two decades of satellite passive microwave data are used to study and evaluate

the large scale characteristics and the changing state of the sea ice cover in both the

Northern and Southern Hemispheres. Satellite data provide day/night almost continuous

observation of global sea ice cover thereby enabling quantitative variability studies at

various time scales. Despite coarse sensor resolution, spatial detail is provided through

the use of sea ice concentrations which are derived using an algorithm that determines the

fraction of ice and open water within each satellite footprint. Large seasonal fluctuations

in the extent are apparent with those of the Southern Hemisphere having larger

amplitudes but less symmetrical seasonal distribution than those of the Northern

Hemisphere. The large scale interannual variability of the ice cover has been evaluated

globally as well as regionally and in the Northern Hemisphere, the yearly anomaly maps

show a predominance of positive values in the 1980s and negative values in the 1990s.

Regression analysis show that the ice extent and ice area are on a decline at the rate of

-2.0 + 0.5% and -3.1 _ 0.3% per decade, respectively, in the Northern Hemisphere but

there are regions like the Bering Sea with positive trends. What is intriguing, however, is

that the perennial sea ice cover has been declining at a much faster rate than for the entire

hemisphere, i.e., 6.7 + 2.4% and 8.3 + 2.4 % per decade for ice extent and ice area,

respectively. The perennial ice cover consists mainly of thick multiyear ice floes, and its

persistent decline would mean a reduction in the average thickness of sea ice and a

change in the overall characteristics of the Arctic sea ice cover. Furthermore, the yearly

anomaly patterns are coherent with those of surface temperatures derived from 19 years

of thermal infrared AVHRR data. The latter also shows that in consolidated ice regions,



theaveragetemperatureduringsummerminimahasbeenincreasingat about0.9_+0.6K

perdecade.In theAntarctic,largeyearto yearanomaliesin the icecoverareobserved

but theyfollow apatternof alternatingpositiveandnegativeanomaliesaroundthe

continent. Similarpatternsareobservedin theyearlysurfaceice temperatureanomaly

mapsthattogetherwith the icedatashowconsistencywith apropagatingAntarctic

CircumpolarWavethatcircle aroundAntarctica. Unlike theArctic, thetrendin the

Antarcticicecoveris positiveat0.4_+0.3% perdecadeandbasicallyinsignificant.

However,the icecoverin theBellingshausen/AmundsenSeassectorhavebeendeclining

considerablyat-8.1 4- 1.4 % per decade while the adjacent Ross Sea sector has been

gaining ice at almost the same (but positive) rate at 7.0 +_ 1.0 % per decade. The

significance of the trend study results from the relatively short term satellite record is

analyzed in terms of longer proxy records and the short term effects of the retreating ice

cover is discussed.

1. Introduction

At high latitudes, the global oceans are covered by vast blankets of sea ice which

ranges in extent at any one time between 20 x 106 to28 x 10 6 km 2. The areal extent of the

ice cover thus corresponds to a significant fraction (4 to 6%) of the total surface area of

the Earth. In the Arctic region, the winter ice cover is about double that of the summer

while in the Antarctic, the corresponding value is five-fold (Zwally, et al., 1983;

Parkinson et al., 1987; Gloersen et al., 1992). The sea ice cover is thus one of the most

expansive and most seasonal geophysical parameter on the Earth's surface, second only

to the more variable and less predictable snow cover. The presence or absence of sea ice

impacts the atmosphere and the ocean, and therefore the climate, in many ways. For

example, as an insulating material, it limits the flow of heat between the ocean and

atmosphere. On account of its high albedo, it also keeps a high fraction of solar radiation

from being directly absorbed by the surface. Moreover, climate change signals are

expected to be amplified in polar regions because of feedback effects associated with the

high albedo of ice and snow (Budyco, 1966). The latter has been the subject of many

recent investigations, especially in light a declining sea ice cover (Jacobs and Comiso,



1993;Johannessenet al., 1995;Cavalierietal., 1997;Rothrocket al., 1999;Wadhams

andDavis,2000).

Theadvanceandretreatof seaiceduringgrowthanddecay,respectively,cause

horizontalandverticalredistributionsof saltin theoceanthatcanprofoundlyaffectthe

latter. During iceformation,brinerejectioncausesenhancedsalinityof theunderlying

oceanandthis processcould initiateverticalconvectionand/ortheformationof bottom

water. Conversely,during iceretreat,low salinitymeltwateris introducedandcausethe

upperlayerof theoceanto bestratifiedandverticallystabletherebypromoting

phytoplanktongrowthandincreasedproductivity in theregion(Smithet al., 1988;

Comisoet al., 1992;Arrigo, 2002,thisvolume). Largepolynyaswithin thepackandice

features(e.g.,Odden)havebeendiscoveredandassociatedwith deepoceanconvection

(GordonandComiso,1988). Latentheatpolynyasnearthecoastalregionscaused

primarily by strongkatabaticwindshavealsobeenobserved(Zwally et al., 1985;Comiso

andGordon,1998;Markuset al., 1998;Massometal., 1999)andhavebeenpostulatedas

thekeysourceof thehigh salinitybottomwaterthatis involvedin globalthermohaline

circulation.

Thelargescalevariability of theseaicecoverhasbeenquantifiedpreviously

usingsatellitepassivemicrowavedata(Zwally etal., 1983;Parkinsonet al., 1987;

Gloersenet al. 1992;Johannessenet al., 1995;Cavalieriet al., 1997;Stamerjohnand

Smith, 1997;Parkinsonet al., 1999;Zwally et al., in press).Largechangesin the ice

coverhavebeenreportedin the 1990s,especiallyin theArctic, but moredetailedstudies

areneededto betterunderstandtheclimatesystemin theregion. In thischapter,the

currentstateandvariability of theseaicecoveris evaluatedusingthemostup-to-date

satellitedataavailable.Althoughthemeritof passivemicrowavedatafor seaicestudies

havebeennoted,resultsfrom differenticealgorithmsarenot identical(Stamerjohnand

Smith, 1997;Comisoet al., 1997;ComisoandSteffen,in press).Theiceconcentration

datausedin this studyarethosederivedusingtheBootstrapseaicealgorithmthathas

beenchosenasthestandardalgorithmfor newpassivemicrowavesatellitesystems(i.e.,

AMSR). Theresultspresentedin thischapterupdatethosepresentedby Stamerjohnand

Smith(1997)andJacobsandComiso(1997)andcanbeusedfor comparativeanalysis

with resultsfrom otherdatasets.Also includedaretheresultsof analysesof changesin
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environmentalforcings,suchastemperature,thataffectthe icevariability and trends in

the ice cover.

2. Satellite Observations

Detailed studies of the global sea ice cover are made possible by the advent of

satellite data that provide comprehensive areal coverage at a relatively high temporal

resolution. When the weather and conditions are right, high resolution visible data, like

Landsat and SPOT, provide good and spatially detailed characterization of the ice cover.

An excellent example of the utility of such data are the pair of Landsat TM images,

shown in Figure 1, that depicts the small scale and large scale physical changes in the ice

cover from one season to another. The image in Figure 1a shows typical conditions

during early stages of ice growth in the Antarctic, which in this case is located near the

Cosmonaut Sea and Cape Ann. During this time period, small platelets and needles

called frazil ice are formed in supercooled water and through wave action and wind, the

ice particles are accumulated to form shuga and small pancakes. The spatial pattern of

the ice cover show a highly dynamic region with the apparent thermodynamic ice growth

being accompanied by open water formation caused by wind, waves, tides, and icebergs.

The image in Figure l b was taken in spring, approximately 8 months later, in the same

general area. During this latter period, a much thicker ice cover is apparent, large ice

floes are well defined and are shown to be composed of a complex conglomerate of

various ice types. A spring polynya along the coast is also apparent and may be initiated

mainly by ice breakup due to upwelling of warm water and/or advection due to wind. To

understand the changes in the ice cover, such seasonality in physical characteristics has to

be recognized since the overall effect of the ice cover depends on the latter.

To illustrate the circumpolar nature and general large scale distribution of the sea

ice cover during both growth and decay periods, observations from one of the visible

channels of AVHRR (Advanced Very High Resolution Radiometer) during the last week

of April and November 1989, are presented in Figs. 2a and 2b, respectively. Each of the

images represents a weekly average derived from AVHRR Global Area Coverage (GAC)

data and mapped into a 6.25 by 6.25 km grid, as described by Comiso [2000]. Polynyas,

especially near the coastal regions, are shown in the AVHRR images as relatively darker



thanthethicker icecoverevenwhentheyarealreadycoveredby newice.At the

marginalicezones,the icecoveris alsoshownto begrayishandsometimesdifficult to

discriminatefrom openwater. Overall,visiblechannelimagesprovidegoodinformation

aboutregionsof highconsolidationandareasof divergenceor activeiceformation.

Passiveandactivemicrowavesystemshavebeenmorepopulartechniques

becauseof day/nightalmostall-weathercapabilitiesandglobalcoverageat arelatively

high temporalresolution.For largescalevariability andtrendstudies,passivemicrowave

datahaveanadvantagebecauseof relativelylong,comprehensive,andconsistent

historicalrecord. An apparentweaknessof passivemicrowavedatais thecoarsespatial

resolution(about25by 25km) whichmakessuchdatadifficult to usefor detectingsmall

spatialfeaturesin the icecover,suchasleads,ridges,andicebands.To overcomethis

weakness,algorithmshavebeenappliedto obtainneededinformation(e.g.,ice

concentration)within eachgrid element.

Thecolor-codedimagesin Figures2c and2dcorrespondto seaiceconcentrations

derivedusingtheBootstrapAlgorithm (Comiso,1997)for theperiodscorrespondingto

thoseof Figures2aand2b,respectively.Overall,thereis agoodcoherencein theimages,

with thegrayareasin theAVHRR satelliteimagecorrespondingto therelatively low

concentrationiceareasdepictedin thepassivemicrowavedata.Thespatialchangesin

signaturelook similar in bothvisible andpassivemicrowavedatafor thetwo periodsand

reflectprimarily changesin thephysicalpropertiesof the icecover. During thegrowth

periodin autumn,largeareasin the icecoveredregionlook grayin theAVHRR image

becauseof relatively low reflectivity for newice (Allison, 1981;Massom,1991).The

samesurfacesalsohavelow brightnesstemperaturesandhencerelativelylow

concentrationbecauseof low microwaveemissivitycomparedto thatof thick ice

(Comisoet al., 1992;Grenfelletal., 1994).Conversely,duringthebreakupperiod,the

gray(low reflectivity) areas(Figure2b)correspondproportionatelyto relativelymore

openwaterandthereforelower iceconcentrationasdepictedby thecorresponding

passivemicrowavedata(Figure2d).Thus,intermediateiceconcentrationvaluesin the

microwavedatausuallyreflectthepresenceof newly formedice (asin leadsand

polynyas)in autumnandwinterandthepresenceof mixturesof iceandopenwaterin

spring. Sinceopenwaterin leadsandpolynyasarecoveredby iceof someform within
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hours of formation in autumn and winter, this is also a more useful way of quantifying

the ice cover compared to a strict ice and no ice discrimination that would show near

100% ice cover in practically all regions during growth stages.

For studies that require high spatial resolution irrespective of weather and time,

SAR data which has a resolution of about 35 m can be very useful. Ice floes and ridges

are recognizable within the ice pack but in some areas, especially near the ice edge, the

interpretation of the data is sometimes not unambiguous. However, with the use of time

series of images, some of the ambiguities can be resolved and the drift of sea ice can also

be inferred (Kwok et al. 1998). A problem in terms of global coverage is the paucity of

data and the lack of sufficient spatial and temporal coverage. The other active

microwave system available that provides less resolution but more comprehensive

coverage is the scatterometer, an example of which is the QuickSCAT and NSCAT as

described by Massom (1991) and Drinkwater (1999). The data coverage and resolution

are similar to those from passive microwave but more research is needed to accurately

interpret the data and algorithms have to be developed to retrieve geophysical parameters.

3. Spatial and Temporal Variations of the Sea Ice Cover

The physical characteristics and spatial distribution of the global sea ice cover

have been discussed extensively in the literature (Weeks and Ackley, 1986; Eicken et al.,

1991; Tucker et al., 1992; Eicken, this volume). Because of geographical location and

other factors (Figure 3), the distribution of sea ice in the Northern Hemisphere (NH) is

quite different from that of the Southern Hemisphere (SH). In the NH, sea ice is

surrounded by land with the latter providing an outer limit in the extent of the sea ice

cover in most places. In winter, the ice cover in the region is fragmented with the largest

fraction in the Arctic region, including the North Pole, and the rest in the Canadian

Archipelago and in the peripheral seas as far south as 40 ° N. In the summer, the ice cover

is contiguous and is confined to the Arctic Basin. On the other hand, in the SH, the sea

ice cover surrounds the Antarctic continent with the highest latitude being about 80 o N

but there is no limit in the northern regions. In the SH, a contiguous ring of sea ice

surrounds the Antarctic continent in winter and is not restricted in its advance towards the

north by a land boundary. However, during the end of the summer, the ice cover is



fragmentedandlocatedmainly in theWesternWeddellSea,BellingshausenSea,and

AdmunsenSeaandpartsof theRossSeaandtheIndianOcean.

Thegrowthanddecayperiodsof seaice in thetwo hemispheresareout of phase

by about6 monthsbecausetheseasonsin thetwo regionsarecorrespondinglyoutof

phase.In addition,theenvironmentalconditionsaredifferentasdiscussedearlier. The

patternsfor growthanddecayin thetwo regionsarethereforenotexpectedto be

identical. Climatologicalmonthlyaveragesderivedfrom 22yearsof passivemicrowave

dataareshownin Figure4 andit is clearthattheseasonaldistributionsfor thetwo

regionsareindeeddifferent. In theNH, thereis symmetryin thedistributionin thatthe

growthperiodis approximatelyaslongasthedecayperiod. In theSH,thegrowthseason

is significantlylonger(by about2months)thanthedecayseason.

In theNH, themeanmonthlyextent(Figure4a,solid line) is shownto varyfrom

aminimumof 6.2x 106km2in thelatesummer(September)to about15.5km2in the

winter(March). Thecorrespondingvaluesin theSH(Figure4b,solid line) are3.8x 106

km2 (in February)and19x 106km2(in September),respectively.Notethat althoughthe

minimumvaluesin theNH aregreaterthanthatin theSH,theeffectivepolaralbedoin

the latteris muchgreaterthanthatof theformerbecauseof thepresenceof thesnow

coveredAntarcticcontinentwhichhasatotal areaof about14x 10 6 km 2. Thus,

interannual changes in summer when the solar insolation is high, is likely more critical in

terms of changes in atmospheric forcing since the percentage change in albedo is higher

in the NH than in the SH.

In the NH, the monthly values during the year when the winter ice extent is most

extensive (i.e., 1979) during the 22 year period are represented by data points connected

by dash lines in Figure 4a. It is apparent that the rate of decay during the year when ice

is most extensive is less than average and the summer values are also above average.

Conversely, the monthly values for the year when the ice is least extensive in winter (i.e.,

1996) are shown by the dotted line and it is apparent that the rate of decay is higher than

average and with ice extent in summer is considerably less than average. Thus, extensive

ice cover (icy) in winter is usually followed by extensive ice cover in summer and vice-

versa.



In theSH,themonthlyiceextentsduringtheyearwhenthewinter wasmost

expansive(1980)or leastexpansive(1986)arealsoshownin dashanddottedlines,

respectively.It is apparentfrom theplotsthatin this hemisphere,thegrowthanddecay

patternsaresimilar to thoseof theaverageandarenotsignificantlyinfluencedby the

extentof iceduringthewinter period. Regionally,however,effectsoppositeto thatin

theArctic havebeenobserved.Forexample,in theWeddellSea,anomalouslyextensive

icecoverin winter isusuallyfollowedby anomalouslylow icecoverareain thesummer

(ComisoandGordon,1998).

Theretreatof seaice in theAntarctic ismorerapidthanin theArctic becausein

the latter,the icecoveris protectedfrom directintrusionsof warmwaterfrom lower

latitudesandfrom breakupby largeoceanwavesby thepresenceof surroundingland

boundaries,while in theformer,thereis nosuchprotection. Also, the iceextentreaches

its maximumvaluefasterin theArctic thanin theAntarcticlikely becauseof relatively

colderenvironmentin theformerduringautumnandwintersincethelatter is surrounded

by relativelywarmoceans.Forcompleteness,theclimatologicalglobalseaicecover,

which is basicallythesumof datain Figures4aand4b, is presentedin Figure4c. The

plot showsthat atanyonetime,on theaverage,the icecoverrangesfrom 19.0to 27.5x

10 6 km 2 but the extents can be as low as 17.5 x 10 6 km2 and as high as 28.5 x 10 6 km 2.

While the low values occur in February as expected, the high values apparently occur in

November.

The large seasonal variability in the extent (Figure 4) makes it difficult to assess

interannual variability from the time series of monthly data. To study interannual

changes, seasonal averages for each year are presented in Figure 5 for the period from

1979 to 2000. The plots for the Northern Hemisphere (Figure 5a) show significant

interannual variability during summer and autumn but there were only small changes

during winter and spring, especially during the 1990 to 2000 period. The summer

averages have higher values than the autumn averages because the latter includes

September which is the month of minimum extent. In the Southern Hemisphere, the

interannual changes appear minimal for all seasons except for 1980, 1982, and 1997

during summer and autumn. The plots for ice area in both hemispheres (not shown) are

similar in characteristics as those for ice extents but the values are significantly lower. In
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this case,thesummervaluesarelower thanthevaluesduringautumnbecauseof

relativelylowerconcentrationsduringtheperiod.

Thedottedlines in theplotsin Figure5 representthetrendsin the icecoverfor

thedifferent seasonsasderivedfrom linearregressionof all thedatapoints. Thetrends

areall negativein thenorthernhemisphereandall slightlypositive in thesouthern

hemisphere,ashasbeenreportedpreviously,butwith slightlydifferentvalues. This

phenomenonsuggeststhattheclimatesof thetwo hemispheresarenotcloselycoupled

andmaybe independentof eachother. A moredetaileddiscussionof theseresultswill

bepresentedin a latersection.

3.1 The Arctic Region

Thebasicdatausedfor studyingtheseasonalandtheinterannualvariability of the

icecoveraredaily averagesof iceconcentrationsmappedontoapolarstereographicgrid.

Thedataprovidegoodtemporalresolutionandareusedfor calculatingmonthly-ice

entent,monthly-icearea,andmonthly-iceconcentrationfor eachmonth from 1979to

2000,asshownin Figures6a,6b,and6crespectively.Thedistributionsfor both ice

extentandactualiceareaarecoherentandshowsimilarpatterns.Thepeakvaluesare

alsoshownto havemuchlessinterannualvariability thantheminimumvalues,especially

in the 1990s.Relativelylow valuesin theminimumiceextent(Figure 6a) are apparent in

1990, 1991, 1993, 1995, 1998, 1999, and 2000. In the ice area plot (Figure 6b), the

minimum values during these years appear even relatively lower. This is partly because

of relatively lower average concentrations (Figure 6c) which in turn may be partly due to

more divergence and/or meltponding during these later years.

The color coded yearly-anomaly maps, presented in Figure 7, provide the means

to assess large scale and regional changes in the ice cover on a year to year basis. For

uniformity in both hemispheres, yearly averages are calculated by starting from mid-

summer through winter and to the following summer. More specifically, in the Northern

Hemisphere, the yearly averages are from August of one year to July the following year

while in the Southern Hemisphere, it is from January to December the same year. The

yearly maps, as defined, represent averages of ice concentrations as the ice cover evolves

from growth stages through its maximum values in winter and through melting stages in
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springandsummer.Eachmapin Figure7 thusrepresentstheanomalieswithin eachice

seasoninsteadof within eachcalendaryear. Positivechangesin the icecoverareshown

in thecolor codedmapsasgrays,greensor blueswhilenegativechangesarein oranges,

purples,andreds.

It is apparentthatmuchof the interannualchangesarefoundin theperipheral

seas.Amongthemostactiveareasin thePacificOceanregionaretheSeaof Okhotsk

andtheBeringSea.Someteleconnectionsbetweenthesetwo seashavebeenobserved

previously(CavalieriandParkinson,1987)with negativechangesoccurringin onesea

while positivechangeswereoccurringin theothersea(e.g.,1979,2000). Thepatterns

areapparentlynotconsistentsincetheanomaliescanbebothnegativein theseregions,as

in 1984and 1996,or bothpositives,asin 1980and 1993.In otheryears,thepatternsare

not soclearwith a mixtureof positivesandnegativesevenin thesameseas. In the

AtlanticOceanside,similareffectsarealsoevidentbetweenKara/BarentsSeasand

Baffin/HudsonBays. It is interestingto notethattherewasnoyearin which thechanges

areeitherall positiveor all negativein theperipheralseas.

To quantitativelyevaluateinterannualchanges,anomalyplots for theentire

hemisphereandvarioussectorsin theArctic region(asdescribedin Gloersenet al., 1992)

arepresentedin Figure8 for the 1979to 2000period. Eachdatapoint in theanomaly

plots is thedifferenceof thevaluefor eachmonthandthatof thecorresponding

climatologicalvalue(asshownin Figure4). Theuseof monthlyanomalyplotsprovides

a meansto assessinterannualvariability sincethelargeyearlyseasonalityis subtracted.

Statistically,theyalsoprovidebetteraccuracyfor trendanalysisthanyearlyor seasonal

averages.Theanomaliesin iceextentandiceareaagainshowcoherenceandreflectvery

similarcharacteristics.It is alsoapparent,thattheabnormallylow andhigh valuesstands

out betterin theseplots thanin therawmonthlyplotsshownin Figure6. What stands

out mostin thisplot is theabnormallylow valuein 1995followedby abnormallyhigh

valuein 1996.This is anindicationthatdramaticchangescanoccurfrom oneyearto

another.

In theArctic sector(Figure8b), theanomaliesaresignificantonly duringspring,

summer,andautumnsinceduringwinter,theentireArctic basinis coveredby ice. It is

apparentthattheanomaliesareall positivein the 1980sandmainly negativein the 1990s,
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theexceptionsbeing1992,1994and 1996. Theanomaliesin theGreenlandSeasector

(Figure8c) showmorevariabilitythroughthe22-yearperiod. A cyclicalpatternis

apparentin thedistributionfor this sectormainlyasaresultof similarchangesin the

extentof theOdden,asdescribedby Comisoetal. (2001). In theKara/BarentsSeas

(Figure8d) thevariability issimilar to thatof theGreenlandSeabut acyclicalpatternis

not asapparent.In thissector,significantdecreasesareapparentin 1983,1985,1992,

1995and2000while increasesoccurredin mostotheryears.Theseaiceanomaliesin

theBeringandOkhotskSeas(Figures8eand8f) havesimilarvariability but opposite

trendsswith theformerhavingnegativeanomaliesin the1980sandmainlypositive

anomaliesin the 1990s.In theOkhotskSea,theanomalieswereon theaveragepositive

in the 1980s,exceptin 1984,andnegativein the 1990s,exceptfor the last few years. In

theCanadianArchipelago,theanomaliesin extentweregenerallysmallexceptfor the

onebig drop in extentin 1998.This wasthesameyearwhentheBeaufortSeahadthe

largestopenwaterareaduringthesatelliteera. In theBaffin Bay/LabradorSearegion,

periodicfluctuationsin theanomalies(Figure8h)areapparentin the 1980sbut in the

1990s,exceptfor therecoveriesin 1993and1996,theextentwasgenerallydeclining. In

theHudsonBay,thereisnot muchvariability exceptfor positiveanomaliesin 1983,1986

and 1992andnegativeanomaliesin 1993,1994,1998and1999. At theGulf of St.

Lawrence,thereis asuggestionof periodicitywith all negativeanomaliesup to 1983

followed by all positiveanomaliesup to 1993andthennegativeanomaliesup to the

present.

Theplots in Figure8 showthatthereis nopatternof consistencyin thevariability

of the icecoverin thedifferentsectors.Thepeaksandthedipsgenerallydonot occurat

thesametime in thedifferentregionsandperiodicities,wheretheyoccur,areusuallyout

of phasefrom eachother. This is partlybecausetheicecoverispartly controlledby a

complexatmosphericsystemthatproducesdifferenticedistributionsin thedifferent

regionsduringdifferentperiods.Theeffectof surfacetemperatureanomalieswill be

discussedin a latersection.Overall,negativetrendsof varyingdegreeof significanceare

observedin all sectors,exceptfor theBeringSeasectorin whichtheicecoverhavebeen

increasingat therateof 11.9%/decade.
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3.2 The Antarctic Region

Monthly ice extents, ice area, and ice concentration in the Southern Hemisphere

for the period from 1979 through 2000 are presented in Figure 9, and it is apparent that

there are differences in the distributions compared to those in the Northern Hemisphere.

In the SH, the amplitude of each ice season is obviously larger while the yearly

distributions are more regular than those in the NH. The average ice concentration is

almost constant at about 83% in winter, compared to about 92% in the Arctic, while the

average ice concentration in the summer ranging from 59% to 69%, compared to 72 to

81% in the Arctic. Note that the distributions for ice extents are again coherent with those

of ice area with the latter being lower in values, as expected.

Color coded anomaly maps for each year from 1979 through 2000, as shown in

Figure 10, illustrate the large year-to-year variability in the ice cover in the region. The

images shows patterns of alternate negative and positive anomalies at the periphery of the

sea ice cover around the continent. From one year to another, these patterns tend to move

around propagating like a wave, as described by White and Peterson (1996). The period

of propagation has been inferred as about 8 years with a revisit time of 4 years at every

point since the wave number is mode 2. It is interesting to note that the pattern of

anomalies in 1980 is almost duplicated in 1992. Also, the anomaly pattern in 1999 is

almost identical to that of 1980 but with opposite sign. The repetition of the patterns in

some places suggests that there are local geographic or oceanographic factors that cause

similar features to be reproduced in different years.

The plots of monthly ice extent anomalies for the entire hemisphere, as well as in

various sectors (see Gloersen et al.,1992), as shown in Figure 11, are indicative of a very

variable and dynamic region. The anomalies for the entire hemisphere (Figure 11a)

apparently have higher amplitudes in the 1980s than in the 1990s but the same

phenomenon is not evident in the various sectors. The peaks and dips in the anomaly

plots are again shown to occur in different years in the various sectors. This is partly

because of the propagating wave (ACW), which as described earlier, causes the

anomalies to circle around the continent. But again, the patterns are relatively

unpredictable since the climate system in the region is complex and driven by many other

factors, some of which are regional. In the Weddell Sea sector, a positive anomaly in
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1981wasfollowedby a negativeanomalyin thesubsequentsummerwhile anegative

anomalyin 1991wasfollowed by two yearsof positiveanomalies.In theIndianOcean

sector,negativeanomaliesin 1987and 1988werefollowed by positiveanomaliesin

1989and1990. In theWesternPacificOceansector,thekeyeventswerethepositive

anomaliesin 1982and1983andthenegativeanomalyin 1989. In theRossSea,a large

negativeanomalyin theearly 1980swasfollowed bypositiveanomaliesexceptfor slight

dropsin 1991and1997. In theBellingshausen/AmundsenSeasector,theyearsof 1983,

1988,1992,and1998areshownto beassociatedwith low negativeanomaliessuggesting

someassociationof this regionwith ENSOeventswhichoccurredduringthesameperiod

(PetersonandWhite, 1997;Kwok andComiso,2001).Notethatthedipsat theRossSea

sector(i.e., 1980,1986,1992,1995,and1997)which is alsoregardedasa siteaffected

byENSO(LedleyandHuangetal., 1997)arenotcoincidentwith thoseof the

Bellingshausen/AmundsenSeasector.

4. Global and Regional Trends

Global climate change is expected to be amplified in the polar regions because of

enhanced feedback effects associated with the high albedo of ice (Budyco, 1976) as

indicate earlier. Significant changes in the sea ice cover have already been reported

(Johannessen et al., 1995; Cavalieri et al., 1997; Rothrock et al., 1999; Wadhams et al.,

2000; Tucker et al., 2001). Since a global warming of 0.5 K has been observed during

the last century (Jones et al., 1999), it is important that this phenomenon is studied in

greater detail. Linear trend analyses have been applied on the monthly sea ice anomalies

from 1979 through 2000 and results are shown as dotted line in Figures 8 and 11. The

values are also tabulated in Tables 1 and Tables 2 for the Northern and Southern

Hemispheres, respectively.

The trend in ice extent in the Northern Hemisphere as inferred from monthly

anomaly data from January 1979 through December 2000 is -2.0 + 0.3 % per decade.

This is less than the rate of-3 %/decade inferred previously from slightly different data

sets for the years November 1978 to December 1996 (Johannessen et al., 1995; Cavalieri

et al., 1997) and November 1978 to December 1998 (Parkinson et al, 1999). With the

data set used in this study, the trend for the 1978 to 1998 period is 2.8 + 0.4x %, per
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decadewhich is consistentwith theotherreportedvalues. It is thus important to note that

significant changes in the trend can happen as more data are compiled, especially if the

latest values are very different from previous ones. The issue of accuracy associated with

record lengths of data is addressed in the next section.

In the Central Arctic region, the trend is -1.2 + 0.2 % per decade, which is a

lesser negative rate than that for the entire Northern Hemisphere. The lesser rate is not

unexpected since much of the anomalies are in the peripheral seas as discussed in the

previous sections. The plot in Figure 8b indicates spikes associated with changes in the

spring and summer periods which are shown to be mainly positive in the 1980s and

negative (except for 1992, 1994, and 1996) in the 1990s. The negative trend appears to

be primarily influenced by unusually low ice extent events of 1990, 1993, and 1995.

The trends in other sectors are varied with the only positive trend occurring in the

Bering Sea at 11.9 + 2.6 % per decade. This reflects increases in the winter ice cover in

the region despite decreases in the ice cover in the adjacent (Arctic) region. Also,

towards the southwest of this region at the Okhotsk Sea, the ice cover is declining at

about the same magnitude but opposite sign with the trend being -11.0 + 2.7 % per

decade. In the latter, the trend would have been significantly more negative were it not

for the relatively strong recovery during the last two years of data. Other regions with

significant negative trends are the Kara/Barents Seas and Hudson Bay with trends of-5.5

+ 1.2 % per decade and -4.5 + 1.0 % per decade respectively. The trend at the Canadian

Archipelago is also significant at -1.9 + 0.4 % per decade but this is mainly due to a big

drop in ice cover in the region in 1998. Trends are also negative in the Greenland Sea

and Baffin Bay/Labrador Sea sectors at -2.7 + 1.3 and -1.3 + 1.4 % per decade,

respectively, but changes in these regions may be partly influenced by periodic patterns

as mentioned previously. A periodic pattern is also evident at the Gulf of St. Lawrence

sector which show an insignificant trend of -0.5 + 5.0 % per decade.

While the trend of ice cover in the entire Northern Hemisphere is basically

controlled by trends in the peripheral seas, the most important trend of interest is actually

that associated with the Central Arctic. The Northern Hemisphere has smaller seasonal

amplitude than the Southern Hemisphere because of the presence of extensive and thick

multiyear ice cover in the Central Arctic. Ice that survives the summer is often referred
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to astheperennialicecover,whichconsistsmainlyof multiyearice. Theextentandarea

of theperennialicecovercanbe inferredby finding theminimumvaluefor eachyear

from time series.Theyearlyrecordof theminimumextentsof the icecoverfor each

yearfrom 1979to 2000is showntogetherwith thatof maximumextentin Figure 12.

Thetrendsin maximumicevaluesfor bothextentandiceareaare-1.33 + 0.59, and -

1.85 + 0.58, respectively, and are basically consistent with those of the entire hemisphere

(Figure 12a). The trends in minimum ice cover, however, are --6.37 + 2.13 %/decade and

-8.49 + 1.98 %/decade for ice extent and ice area, respectively (Figure 12b). Such large

negative trends (about 4 times higher than maximum trends) indicate that the perennial

ice cover consisting mainly of multiyear ice floes is shrinking at a very high rate. Similar

results have been reported previously for a shorter time period (Comiso, 2001, in press).

Trends of similar magnitude has also been reported by Johannessen et al. (1999) using

multiyear ice fraction data derived during winter period from passive microwave data.

However, such data are known to have large uncertainties (Kwok et al., 1996) partly

because the emissivity of multiyear ice is highly variable and not constant as assumed by

the multiyear ice algorithm.

Of special interest in the plot shown in Figure 12b is the large yearly variability of

summer sea ice in the 1990s compared to the 1980s. As reported in Comiso (2001, in

press) such variability suggests an increasing concentration of second year ice cover in

the 1990s, compared to those in the 1980s, and in effect a thinning of the Arctic sea ice

cover (that includes the second year ice cover). This is consistent with reports by

Rothrock et al. (1999) and Wadhams and Davis (2001) that the average ice thickness in

the 1990s is significantly less that that collected in th previous decades. It would be of

interest to know if much of the thinning is associated with this phenomenon. The issue of

change in thickness is addressed in a separate chapter (Hass, this volume).

On a season by season basis, the interannual trends have been shown previously

in Figure 5. The numerical values of the trends are given in Tables 1 and 2. In the

Northern Hemisphere, it is apparent that the trends are all negative with those for winter

and spring being only slightly negative at --0.75 + 0.55 %/decade and -1.25 + 0.48 % per

decade, respectively. In the autumn, the trend is more negative at -2.69 + 1.27 %/decade

but it is the summer that has a high rate of decrease, at -4.12 + 0.90%/decade. The latter
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isconsistentwith the largerateof decreasefor theperennialicecover. An evenhigher

rateof decreaseis observedwheniceareadataareusedwith therateof decreaseduring

thesummerbeingaslow as--6.04+ 1.09 %/decade.

The trend results in the Southern Hemisphere (Figure 11) are not as indicative of a

changing ice cover as those of the Northern Hemisphere. The result of analysis of data

from the 22-year period shows an insignificant trend of 0.4 + 0.3 % per decade for the

entire Southern Hemisphere. The trends are similarly insignificant at -1.2 + 0.8, 0.1 +

0.9, and 1.2 + 1.2 % per decade at the Weddell Sea, Indian Ocean, and Western Pacific

sectors, respectively. In two other sectors, however, the changes are quite strong with

opposite trends of 7.0 + 1.0 % per decade and -8.1 + 1.4 % per decade at the Ross Sea

and Bellingshausen/Amundsen Seas sectors, respectively. Since the two sectors are

adjacent to each other, it appears that the opposite trends in the two sectors are partly

caused by advection of ice from one sector to the other. However, the Antarctic

Penninsula that is adjacent to the B/A sector has been an area of climate anomaly as

described previously by Jacobs and Comiso (1997) and King (1994). Also, the Ross Sea

region has been associated with influences of ENSO (Ledley and Huang, 1997) and the

continental area adjacent to it has been experiencing some cooling during the last two

decades (Comiso, 2000). The trend in the Ross Sea, which is the site of some of the

major coastal polynyas, suggests that the role of the region in bottom water formation is

becoming more important.

The trends of maximum ice values for each year in the Southern Hemisphere is

again similar to that inferred from the monthly time series, being 0.28 + 0.54 % per

decade and 1.20 + 0.58 % per decade for ice extent and ice area, respectively. It is,

however, surprising that the trends of minimum values for each year are negative at -3.58

+ 2.83 and -3.76 + 3.16 for ice extent and ice area, respectively. It appears that the

summer ice cover has been declining as in the Arctic but errors are larger because of

much lower extent of ice in the summer.

In the Southern Hemisphere, the trends for extent in each season (Figure 5b) are

basically insignificant except for autumn. Quantitatively, in winter, spring, and summer,

the trends are 0.52 + 0.56, -0.08 + 0.54, -1.78 + 1.77, respectively, while in autumn, a

positive and significant trend of 3.20 + 1.70 is inferred. It is apparent that the net positive
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trendfor all seasonsis causedmainlybychangesin autumn.Again, thetrendfor ice area

is higherthanthosefor iceextent,with thatfor autumnbeing5.46+ 2.00 while those for

winter, spring, and summer, being 1.47 + 0.62, 0.78 + 0.66, and 0.21 + 1.95, respectively.

The higher positive trend in autumn suggests that the onset of ice growth may be

occurring earlier and earlier during the latter part of the study period. Also, the negative

(though insignificant) trends in spring and summer may indicate earlier breakup in the

latter part of the data set as well.

5. Surface Temperature Effects, Temperature Trends, and Cyclical patterns

To gain insights into the observed variability and trend in the ice cover, we

examine the anomalies in the ice cover in conjunction with anomalies in surface

temperatures. Surface temperatures are used because they are known to be negatively

correlated with ice extent and area (Jacobs and Comiso, 1997). However, it should be

pointed out that changes in pressure and other parameters are also important (Walsh et

al., 1999) but the effect of pressure is a lot more complex and is not within the scope of

this chapter. Following Comiso (2000) and Comiso (2001), the anomalies in yearly

surface temperatures as derived from AVHRR data for the Northern and Southern

Hemispheres are shown in Figures 14 and 15, respectively. The last image in each figure

is the climatological yearly data that is used in generating the anomaly maps.

It is remarkable that the temperature anomaly maps in the Northern Hemisphere

show generally negative anomalies (greens and blues) in the 1980s and positive

anomalies in the 1990s. This alone is indicative of warming during the last two decades.

This phenomenon is also consistent with a declining sea ice cover in the Arctic as shown

previously. It should be noted, however, that there are areas of positive anomalies in the

first decade of data, such as the Greenland/Baffin Sea area in 1981-1982 and the

Kara/Barents Sea area in 1983-1984. Conversely, there are also negative anomalies in

the second decade such as in the Canadian Archipelago/Beaufort Sea area in 1990-1991

and the Kara/Barents Sea area in 1998-1999. This indicates that while temperature is

increasing in most parts of the Northern Hemisphere, there are areas in which

temperature have been decreasing.
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The areas of positive anomalies in surface temperature are shown to be precisely

where negative anomalies in the sea ice cover (Figure 7) are observed. Although there

are many other factors, such as wind, upwelling and tides, that affect the sea ice

distribution, the good coherence with temperature is an indication that warming plays a

big influence on the observed changes in the ice cover. There is also a feedback effect in

that as the perennial sea ice cover declines and open water area increases in the Arctic

Basin in spring and summer, more solar energy and heat are absorbed by the Arctic

ocean. This in turn warms up the latter and cause a further decline in the ice cover.

Some evidence that the temperature of the Arctic Ocean has been increasing has in fact

been reported (Gunn and Muench, 1999).

The yearly temperature anomaly maps in the Southern Hemisphere (Figure 15) do

not exhibit the same warming trend observed in the Northern Hemisphere. What is of

great interest, however, is the presence of alternating negative and positive anomalies

around the continent, especially at the ice edges. Such anomalies are again coherent with

the sea ice cover anomalies in Figure 10. Note that the temperature anomalies beyond the

sea ice covered regions (i.e., those of the open ocean and the continent), are also coherent

with those observed over sea ice (Figure 10). It is apparent that the influence of the

Antarctic Circumpolar Wave is not just an ice edge phenomenon as previously thought

(White and Peterson, 1996). The anomaly patterns also indicate that atmospheric effects

play an important role in the variability of the sea ice cover.

Because of the high correlation of the ice cover with surface temperature, long

historical data from meteorological stations (Jones et al., 1999) in the Northern and

Southern Hemispheres were studied and results are presented in Figures 16 and 17. It is

apparent that the length of a data record can make a big difference when trend analysis is

being conducted. Three record lengths of surface temperatures were analyzed, namely,

98, 45, and 20 years. In the NH, the results of trend analysis for data from stations

located >50 ° N yielded 0.08 + 0.01, 0.22 + 0.04, and 0.38 + 0.12 K/decade, for the 98, 45,

and 20 year time records, respectively (Figures 16a, 16b,& 16c). The much higher rate

for the shorter time period suggests that the rate of warming may be accelerating.

However, if the long term station data set is used to study the sensitivity of the trend

values to record length (Figure 16d), it is apparent care needs to be exercised when doing
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interpretationof shorttermdatasets.Thetrendfollows ahighly fluctuatingvalue in the

first 15years,thenarelativelyvariablevaluein thenext 15yearsandthenanexponential

declinefrom 1968to 1900. Theplot showsthatthe22yearsatellitedatasetmayprovide

usefulinformationbut 30yearsof datawouldbemoredesirable.

Cyclicalpatternsalsoneedto beconsidered,speciallythoseassociatedwith the

North AtlanticandtheArctic Oscillation(Mysak, 1999; Polyakovet al., 1999). Changes

in pressurefields suchasthosethatcausewind andicemotionto gofrom cyclonic to

anticyclonicmode,andviceversa,causearedistributionof the icecoverandyielding ice

anomaliesin someareas(ProshutinskyandJohnson,1997).Thetemperaturedatawas

alsoanalyzedfor periodicchangesandtheresultis shownin Figure 15e.Somepeaksin

thepowerspectrumhavebeenidentifiedas12.3,7, 5.4,and4.5years.Trendstudiesthat

makeuseof datawith recordlengthsof similarmagnitudeastheperiodsin thesecycles

maynotyield meaningfulresults.

In theSouthernHemisphere,thetrendresultsarealsodifferentfor thethree

periodsbeing0.03+ 0.01, 0.10 + 0.02, and -0.003 + 0.087 K/decade for the 98-, 45-, and

20-years, respectively (Figure 17a, b, c). While the 45-year trend is more positive than

the 98-year trend, as in the Arctic, the 20-year trend came out a slight negative. A look at

the running trend as plotted in Figure 17d indicates that the trend actually goes up from a

negative value in 1983 (for the trend from 1983 to 1998) to a peak value in 1958 and

from there, it became almost stable but declines almost linearly to the 98-year trend. This

is intriguing since the observed trend in the 22 year satellite data is consistent with a

slightly positive trend in the ice data while the 45-year positive trend is consistent with a

decline in the ice cover from the 1950s and 1960s to the present as inferred from ship and

whaling data sets (de la Mare, 1997). This indicates that ship and whaling observations

may have some value for trend studies despite the inadequacies in the spatial and

temporal coverage.

6. Summary and Conclusions

The large scale characteristics of the sea ice cover in the Northern and Southern

Hemisphere have been studied using more than two decades of satellite passive

microwave and infrared data. High resolution satellite data shows that the sea ice cover



20

undergoesdramaticchangesin its physicalcharacteristicsfrom oneseasonto another.

This is detectedby passivemicrowavedataaswell, throughareductionin ice

concentrationto compensatefor thelowermicrowaveemissivityof newicecomparedto

thatof thick ice. Thedetectionof suchareaswith dominantnewicecover,including

polynyasandiceedges,providethemeansto betterquantifyheatandsalinity fluxesover

icecoveredregions.

Thelargescaleinterannuatvariabilityof the icecoverhasbeenevaluatedglobally

aswell asregionally. Globally,theseaicecoveris shownto beonadeclinein the

NorthernHemispherewhileonly minimal changeis observedin theSouthern

Hemisphere.In theArctic, therateof declinein extentis strongestin thesummerat

-4.12 + 0.90 %/decade and weakest in the winter at -0.75 + 0.55 %/decade. The rate of

decline of the perennial ice cover is even larger at 6.5 and 8.4% per decade for ice extent

and ice area, respectively. Such result is important in that the perennial ice cover consists

mainly of the thick multiyear ice cover that basically controls the thickness distribution

and the limit of sea ice retreat in the summer. A persistent decline in the perennial ice

cover at the same rate occurs, profound changes in the Arctic Ocean will occur in the

foreseeable future.

In the Southern Hemisphere, the sea ice cover is highly variable but the

predictability depends on how well the processes in the region are understood.

Alternating negative and positive anomalies occur around the periphery of the ice

covered region and year to year changes confirm the presence of an Antarctic

Circumpolar Wave that propagates in a clockwise direction about the continent. Both ice

and temperature anomalies are highly correlated indicating that these two parameters are

indeed closely linked to each other. The year to year changes, however, is not clear-cut

and sometimes the anomaly signal from the ACW is difficult to detect.

In a scenario of global warming, it is anticipated that the trend results from Arctic

and the Antarctic regions would be similar. However, in the Antarctic region, regression

analysis yielded an insignificant positive trend of 0.4 + 0.3/decade compared to

significant decline in the Arctic as indicated earlier. The yearly anomaly maps in the

region, however, show interesting patterns, including some cooling at the pheriphery of

the continent. Trend analysis results show that the ice is actually declining at a fast rate
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of -8.0 %/decadein theBellingshausen/AmundsenSeassectorwhile theadjacentRoss

Seasectorhasbeengainingiceatanequallyfast (butopposite)trend. Thecorrelationof

ENSOindiceswith climateanomaliesin theseregionsfrom apreviousstudy(Kwok and

Comiso,in press)wasfoundto behighwith thecorrelationvaluesbeingof opposite

signsfor thetwo regions.Thepositivetrendin theRossSeaicecoveralsosuggestsa

moreimportantrole of theRossSearegionasasourceof globalbottomwater.

Becauseof thehighcorrelationof iceextentwith temperature,wetook advantage

of theavailabilityof historicalmeteorologicaldatato studythesignificanceof the

satelliteresults. An analysisof trendsasa functionof recordlengthshowsthatthetrend

resultsdonot becomestableuntil after20to 30years.Sincethesatelliterecordis only

aboutthis length,interpretationof datashouldbedonewith extremecare. Interpretation

of trendsshouldalsobedonein thecontextof observedcyclic patternswhichaffects

ability to accuratelypredictfuturebehaviorof theseaicecover. Thelongerdatasetalso

showlessnegativetrendfor theArctic andaslightly negativetrendfor theAntarctic.

This maymeanthatthesatelliteobservedtrendsin theArctic andtheAntarcticmaybe

shortterm,but becauseof thepaucityof meteorologicaldata,andthecomplexityof

climateprocessesin theregion,it is difficult to makedefinitiveconclusionsat thepresent

time. With theadventof moresophisticatedclimatemodelsandmoredetailed

observationsfrom newsatellitesystems,currentassessmentsof thestateof theGlobal

seaicecoverwill only improve.
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List of

1.

Figures:

Landsat TM images of Antarctic sea ice cover during stages of (a) growth, and (b)

decay. The images are located at the Cosmonaut Sea and show large seasonal

change in the physical properties of sea ice.

2. AVHRR images showing the circumpolar sea ice cover in the visible (0.6 l.tm

channel) during (a) summer and (b) winter. SSMI images during (c) summer and

(d) winter. (from Comiso and Steffen, 2001)

3. Location maps in the (a) Northern Hemisphere and (b) the Southern Hemisphere.

4. Climatological seasonal variations derived from the monthly means from 1979

through 2000 in the (a) Northern Hemisphere and (b) Southern Hemisphere.

Solid line represents climatological mean while dash lines are monthly values

during the winter when ice extent is most extensive while dotted lines are montly

values during the winter when ice extent is least extensive.

5. Ice extent verages during the winter, spring, summer and autumn in (a) Northern

Hemisphere, and (b) Southern Hemisphere.

6. Monthly (a) ice extent, (b) actual ice area, and (c) average ice concentration in the

Northern Hemisphere from January 1979 through December 2000.

7. Color-coded maps of yearly-ice concentration anomalies in the Northern

Hemisphere from 1979 through 2000.

8. Anomalies in monthly ice extent from January 1979 through December 2000 in

(a) the entire Northern Hemisphere; (b) Central Arctic; (c) Kara and Barents Seas;

(d) Canadian Archipelago; (e) Hudson Bay; (f) Baffin Bay/Labrador Seas; (g)

Greenland Sea; (h) Gulf of St. Lawrence; (i) Bering Sea; and (j) Sea of Okhotsk.

9. Monthly (a) ice extent, (b) actual ice area, and (c) average ice concentration in the

Southern Hemisphere from January 1979 through December 2000.

10. Color-coded maps of yearly-ice concentration anomalies in the Southern

Hemisphere from 1979 through 2000.

11. Anomalies in monthly ice extent from January 1979 through December 2000 in

(a) the entire Southern Hemisphere; (b) Weddell Sea; (c) Indian Ocean; (d)

Western Pacific Ocean; (e) Ross Sea; and (f) Bellingshausen/Amundsen Seas.
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12. (a)Yearlymaximumand(b) yearlyminimumof iceextentsandicecoverareas

in theNorthernHemisphere.

13. (a)Yearly maximumand(b) yearlyminimumof iceextentsandicecoverareas

in theSouthemHemisphere.

14.Yearlysurfacetemperatureanomaliesin theNorthernHemispherefrom 1981

through2000. Yearly averageisderivedusingdatafrom Augustof oneyearto

Julyof thefollowing year.

15.Yearly surfacetemperatureanomaliesin theSouthernHemispherefrom 1982

through2000. Yearly averageis derivedusingdatafrom Januaryto Decemberof

eachyear.

16.One-yearrunningmeanof surfaceair temperaturesin theNorthernHemisphere

for stationslocatedat latitudes>50oNfor theperiod(a) 1978to 1998;(b) 1950

1998;and(c) 1900to 1998.(d) trendsversusrecordlengthstartingwith theyear

1998. (e)Powerspectrumusingone-yearrunningaveragedata

17.One-yearrunningmeanof surfaceair temperaturesin theSouthernHemisphere

for stationslocatedatlatitudes>50oSfor theperiod(a) 1978to 1998;(b) 1950

1998;and(c) 1900to 1998. (d) trendsversusrecordlengthstartingwith theyear

1998. (e)Powerspectrumusingone-yearrunningaveragedata.
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Table1. Trendsin theNorthernHemisphere

Sector/season Trend(extent) Error (extent) Trend(area) Error (area)

km2/dec(%/dec) km2/dec(%/dec) km2/dec(%/dec) kmZ/dec(%/dec)

N. Hemisphere -24120(-2.0) 3100(0.5) -35080(3.1) 2800(0.3)

Arctic Ocean -7910(-1.2) 1650(0.2) -11570"(-1.8) 1780(0.3)

GreenlandSea -1950(-2.7) 973(1.3)...............-2380(-4.4) 770 (1.4)

Kara/BarentsSea -7510(-5.5) 1600(1.2) -8340(-7.2) 1470(1.3)

BeringSea 3760(11.9) 815(2.6) 2560(10.9) 1020(3.3)

Okhotsk/Japan -4410(-1i.0) 1080(2.7) -5200(-17.1) 1020(3.3)

Sea

CanadianArch. -1360(-1.9) 284(0.4) -2540(-4.0) 352(0.5)

Baffin Bay/ -1070(-1.3) 1220(1.4) -1670(-2.4) 1060(1.5)

LabradorSea

HudsonBay 3570(-4.5) 820(1.0) -3850(-5.3) 695(! .0)

Gulf of St -32.9(-0.5) 357(5.0) -91.6(-2.0) 256(5.6)

Lawrence

Winter - 10800(-0.75) 7940(0.52) -20700(-1.56) 6820(0.52)

Spring ........-i8270 (-1.25) 6990(0.48) -27840(-2.09) 6530(0.49)

Summer -42200(-4.12) 9200(0.90) -51350(-6.04) 9290(1.09)

Autumn -24630(-2.69) 11700(1.27) -32220(-3.94) 10220(1.25)

Maximum -21010(-1.34) 9220(0.59) -26870(-1.86) 8370(0.58)

Minimum -45890(-6.38) 15290(2.i 3) -50820 (-8.49) ......ii85o (1.98)
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Table2. Trendsin theSouthernHemisphere

Sector/season Trend(extent) Error (extent) Trend(area) Error (area)

km2/dec(%/dec) km2/dec(%/dec) km2/dec(%/dec) km2/dec(%/dec)

S.Hemisphere 4420(0.4) 3890(0.3) 15750(1.7) 3240(0.3)

WeddellSea -5095(-1.2) 3320(0.8) -2760(-0.8) 2800(0.8)

IndianOcean 280(0.1) 1660(0.9) 1020(0.7) 1460(1.0)

West.Pacific 1543(1.2) 1490(1.2) 4450(5.0) 1170(1.3)

RossSea 20050(7.0) 2750(1.0) 20550(8.7) 2320(1.0)

Bell./Amundsen -12360(-8.1) 3280(1.4) -7510(-6.5) 1764(1.5)

Winter 8300(0.52) 8890(0.56) 19740(1.47) 8330(0.62)

Spring -1380(-0.08) 9510(0.54) 11390(0.78) 9680(0.66)

Summer -11800(-1.78) 11750(1.77) 924(0.21) 8740(1.95)

Autumn 23340(3.20) 12360(1.70) 30720(5.46) 12220(1.99)

Maximum 5260(0.28) 10320(0.54) 19150(1.20) 9380(0.59)

Minimum -11400(-3.58) 8994(2.82) -7532(-3.76) 6350(3.17)
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Yearly Surface Temperature Anomalies (Aug. - Jui.)
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Large Scale Characteristics and Variability of the Global Sea Ice Cover
Josefino C. Comiso

Laboratory for Hydrospheric Processes, Code 971

NASA Goddard Space Flight Center
Greenbelt, MD 20771

Popular Summary:

Climate change warming signals that may be caused by greenhouse gases are expected to

be amplified in the polar regions because of feedback effects associated with the high

albedo of snow and ice. This is a book chapter for a general scientific reading public that

provides an exhaustive overview of the characteristics and state of the global sea ice

cover as inferred from two decades of satellite data. Large seasonal fluctuations in the

ice extent and area are apparent in both hemispheres with abnormally large winter extents

usually followed by abnormally depleted summer ice cover. Yearly anomaly maps of ice

concentrations show a predominance of positive values in the 1980s and negative values

in the 1990s. Surface temperature anomaly data derived from 19 years of thermal

infrared AVHRR data also show similar patterns but with opposite signs. Regression

analysis results show that the ice extent and ice area have been declining at the rate of

-2.0 + 0.5% and -3.1 ± 0.3% per decade, respectively, in the Northern Hemisphere but

there are regions like the Bering Sea with positive trends. Somewhat intriguing,

however, is that the perennial sea ice cover has been on a decline at a much faster rate

than the entire hemisphere, i.e., 6.7 + 2.4% and 8.3 + 2.4 % per decade for ice extent and

ice area, respectively, while surface temperatures during end of summer over the same

region have been increasing at the rate of 0.9 + 0.6% per decade. The perennial sea ice

cover consists mainly of thick multiyear ice floes, and its persistent decline would mean

profound changes in the Arctic Ocean including its productivity and its ecosystem. In the

Antarctic, large year to year anomalies in the ice cover are observed but they follow a

pattern of alternating positive and negative anomalies around the continent. Similar

patterns are observed in the yearly surface ice temperature anomaly maps that together

with the ice data show consistency with a propagating Antarctic Circumpolar Wave

(ACW) that circles around Antarctica. Unlike the Arctic, the trend in the Antarctic ice

cover is slightly positive at 0.4 + 0.3 % per decade and is consistent with surface air

temperature trends in the continent during the last 2 decades. However, the ice cover in

the Bellingshausen/Amundsen Seas sector has been declining considerably at -8.1 + 1.4

% per decade while the adjacent Ross Sea sector has been gaining ice at almost the same

(but positive) rate of 7.0 + 1.0 % per decade. The historical record of surface

temperatures from meteorological stations is used as a proxy for ice extent and results

show that during the last century, the trend for the Arctic is less negative while for the

Antarctic it is slightly negative. Spectral analysis of this data also show some periodic

cycles in both hemispheres that may have some connections with ENSO and the Arctic
Oscillation.


